Abstract-Theoretical limits for the capacitance density of integrated capacitors with combined lateral and vertical field components are derived. These limits are used to investigate the efficiency of various capacitive structures such as lateral flux and quasifractal capacitors. This study leads to two new capacitor structures with high lateral-field efficiencies. These new capacitors demonstrate larger capacities, superior matching properties, tighter tolerances, and higher self-resonance frequencies than the standard horizontal parallel plate and previously reported lateral-field capacitors, while maintaining comparable quality factors. These superior qualities are verified by simulation and experimental results.
I. INTRODUCTION
APACITORS are essential components in many integrated circuits, such as sample and holds, analog-to-digital (A/D) and digital-to-analog (D/A) converters, switched-capacitor and continuous-time filters, as well as many radio frequency (RF) building blocks. In many of these applications, capacitors consume a large fraction of the chip area. Therefore, capacitors with higher capacitance density are very desirable. In analog applications the other desired properties for capacitors are close matching of adjacent capacitors, linearity, small bottom-plate capacitor, and the absolute accuracy of the value (i.e., tolerance). In RF applications, it is essential for the capacitors to have self-resonance frequencies well in excess of the frequency of interest and large quality factors . Good linearity and large breakdown voltage are the other two desired properties for a good RF capacitor.
Several approaches have been taken to improve the area efficiency of capacitors. Nonlinear capacitors with high capacitance density such as junction or gate oxide capacitors have been used in applications where the linearity, breakdown voltage, and the quality factor are not important. Unfortunately, these capacitors need a dc bias and are strongly process and temperature dependent. Thus, in high precision circuits, such as data converters, their use is limited to bypass and coupling capacitors, or varactors in RF circuits.
On the other hand, metal-to-metal and metal-to-poly capacitors have very good linearity and quality factors. However, they suffer from a low capacitance density which mainly arises from the large metal-to-metal or metal-to-poly vertical spacing that Publisher Item Identifier S 0018-9200(02)01684-0. determines the capacitance in the multiple parallel plate structure of Fig. 1 . Unfortunately, in today's process technologies, this vertical spacing does not shrink as fast as the lateral separation to avoid excessive crosstalk between the digital metal lines in different layers. Thus, the parallel plate capacitors consume a larger fractional die area. Although an extra processing step to deposit a thin layer of insulator between two metal or poly layers can mitigate this problem [1] , this extra step is not available in many of the standard silicon-based technologies. Even if such special capacitor layers were available, the parallel plate structure does not necessarily result in the highest possible capacitance density, as will be shown later in this paper. The capacitance density can be improved by exploiting both lateral and vertical electric field components. A well-known example of such structures is the interdigital or parallel wires (PW) structure shown in Fig. 2 [2]- [6] . Recently, several new structures, such as quasifractal and woven structures were suggested as methods of obtaining higher capacitance per unit area [5] . These structures essentially demonstrate the same linearity as parallel plate metal-to-metal and metal-to-poly capacitors but with higher capacitance densities. They also provide lower bottom-plate capacitance since more field lines terminate on the adjacent metal lines as opposed to the substrate.
Despite these advantages, lateral-flux and quasifractal capacitors have not been widely used in the signal path of analog circuits, as predicting their absolute value can be complicated and time-consuming. Also, it is not clear if they are always advantageous over the more regular structures such as the parallel wires structure shown in Fig. 2 . This paper addresses some of these issues by focusing on the fundamental properties of the capacitance densities of integrated capacitors. Section II illustrates some of the improvements in other properties of integrated capacitors, due to higher capacitance density. In Section III, it is shown that the density of any arbitrary capacitor can be decomposed as the 0018-9200/02$17.00 © 2002 IEEE sum of the individual capacitance contributions of the lateral and vertical electric field components. This decomposition will be used to derive new theoretical limits for the capacitance density of integrated capacitors. These theoretical limits lead to two new capacitor structures introduced in Section IV. These new capacitors demonstrate superior densities, matching, tolerances, and self-resonance frequencies when compared to previously reported lateral-field and quasifractal capacitors, while maintaining a comparable quality factor. The superior capacitance density of the new structures will be corroborated in Section V. Finally, in Section VI, experimental results verify the superior area efficiency, higher self-resonance frequency, tighter tolerance, and better matching properties of these new capacitors.
II. EFFECT OF DENSITY ON OTHER CAPACITOR PROPERTIES
A higher capacitance density and hence a smaller physical size for a given capacitance will automatically result in a few important improvements in other properties of the capacitor. This higher capacitance density can be achieved in many different ways, such as using a material with higher dielectric constant [1] or using the lateral field components [2] - [8] . For a given capacitor value, smaller physical dimensions will result in a smaller series inductance, since the average ac current path is shorter. Hence, a higher self-resonance frequency can be obtained. Also, a smaller area usually translates to shorter metal lengths which in turn result in a smaller series resistance and therefore, a higher quality factor . The bottom-plate capacitance also shrinks automatically in a capacitor with a smaller area due to the smaller area of the bottom plate itself. On the other hand, it is generally believed that a capacitor with a smaller size usually results in a larger fractional variations in the exact value of the capacitor. We will investigate the validity of these statements experimentally in Section VI.
It has been proposed to use lateral field components to enhance the capacity of the standard parallel plate structure shown in Fig. 1 [2] - [8] . Lateral electric fields are particularly useful as the minimum lateral spacing of metal layers shrinks quickly with process scaling, while the vertical spacing does not scale down as fast. Interdigitated structures similar to those shown in Fig. 2 have been proposed to enhance the density and lower the bottom plate capacitance [2] - [6] . These structures combine the lateral and vertical field components very tightly. This has an undesirable effect on the matching properties of the capacitor, as will be demonstrated later in this paper, and thus should be avoided. Increasing the periphery of a lateral field capacitor has been suggested as a means to enhance the capacitance density [5] . Quasifractal structures have been considered as one such alternative. Unfortunately, these structures are time consuming to generate. Furthermore, they are difficult to predict and simulate in a time-efficient manner. They also suffer from the same strong coupling between the vertical and lateral field components which can degrade their matching and tolerance, as will be discussed later.
From these different approaches to capacitance optimization, it is not clear which structure results in the best capacitors. Therefore, it is essential to form a deeper understanding of the underlying capacity limits for integrated capacitors to be able to identify the best capacitive structure for any given application. We study these limits in the following section.
III. CAPACITY LIMITS
To gain more insight into the tradeoffs in using the lateral and vertical field components, we now set the basis for the capacitance decomposition, starting from the relationships between the capacitance and the electric field in three dimensions. This decomposition leads to theoretical upper bounds on the maximum capacitance of rectangular (Manhattan) structures. This can be done by noting that the total electrostatic energy in a capacitor is given by (1) where is the voltage drop across its two terminals. The capacitance of an arbitrary structure can be calculated by integrating the electrostatic energy density over the entire dielectric volume to obtain the total stored electrostatic energy for a given voltage drop between the two terminals of the capacitor, i.e.
where is the position vector and is the differential unit of volume. For an isotropic dielectric material, the electrostatic energy density is given by (3) where and are the electric and displacement vectors, is the permittivity of free space, is the relative permittivity of the dielectric, and , and are the electrostatic energy densities due to the electric field components along the three Cartesian axes, namely, , , and , respectively. Therefore, the density (capacitance per unit volume) can be calculated by integrating the sum of the three electrostatic field energy density components over the dielectric volume, i.e. (4) where is the capacitance density of the structure (in Farads per cubic meter) and , , and are the capacitance densities due to the electric field components , , and , respectively. As mentioned earlier, we are interested in maximizing the capacitance density for integrated capacitor structures. Let us consider a process technology with a minimum lateral spacing of , minimum metal width of , a vertical spacing between two adjacent metal layers , and a metal thickness , as shown in Fig. 3 . We would like to determine the maximum achievable capacitance density for such process technology.
The total capacitance density cannot exceed the sum of the maximums of its individual components, namely, , , and
. In other words, we have to maximize the capacitance density due to each component of the electric field separately, to obtain an upper bound on the density.
We can maximize the capacitance contribution of the electric field along the axis, , (with no constraint on the contributions of other field components) by using a parallel plate structure with minimum plate width and minimum spacing , perpendicular to the axis. The capacitive components along the and axes can be maximized in a similar fashion by using minimum spacing and minimum width parallel plate structures normal to these axes, as shown in Fig. 4 . Therefore, an upper bound on the total capacitance density can be obtained by adding the individual maximums of the capacitance density components, i.e. (5) where , , , and represent the minimum lateral spacing and metal width along the and axis, respectively. Equation (5) reduces to (6) for and , which is often the case. This is a capacitance per unit volume, and can be easily translated to capacitance per unit area for a known number of metal layers. This maximum in the capacitance density will be referred to as Theoretical Limit 1 (TL1). A tighter upper bound on the capacitance density, referred to as Semi-Empirical Upper Bound, will be introduced in the Appendix.
These theoretical limits can be very helpful for integrated circuit designers, as they set an upper bound for the minimum attainable die area for a given value of capacitance and for a specific process technology. In practice, for a given capacitive structure, , , and are correlated and cannot be maximized all at the same time, therefore, the ratios of the capacitance density of any given structure to these theoretical limits can be defined as figures of merit for the capacitor of interest and used for comparison of various structures.
IV. PURELY LATERAL FIELD CAPACITIVE STRUCTURES
The theoretical limit shown in (6) demonstrates an inverse square law dependence on the minimum lateral and vertical dimensions of the process technology. In today's standard process technologies, the minimum lateral dimensions, and , are smaller than the vertical dimensions, and . Therefore, in properly designed capacitors the lateral component of the capacitance density should be the dominant contributor to the overall density. Furthermore, this maximization of the lateral field component leads to further improvements in the density with process technology advancements. Additionally, the processes used in the back-end metallization allow the lateral dimensions to be controlled more accurate and repeatable (e.g., lithography and etching) when compared to the vertical dimensions (e.g., deposition). Therefore, (6) directs us in the direction of structures with purely lateral capacitance component and no vertical component. Fig. 5 shows the first of these structures, called vertical parallel plates (VPP) [7] , [8] . It consists of metal slabs connected vertically using multiple vias to form vertical plates. This structure takes full advantage of the lateral dimension scaling. Note that different shadings are used to distinguish the two terminals of the capacitor throughout this paper.
It is noteworthy that while each via may present a reasonably large series resistance, a large number of them are connected in parallel in each plate. This large number of parallel small capacitors will reduce the series resistance significantly, which in turn, will reduce the loss of the structure. In other words, very little ac current flows through each via, reducing the effective series resistance of the capacitor. This statement will be verified experimentally in Section VI.
Although the fabrication of the VPP structure relies on stacked vias which may not be available in all process technologies, close approximations to this structure can be fabricated by interleaving vias. Also, long electromagnetic capacitance simulations are rather unnecessary as the capacitance of the VPP structure can be predicted using simple expressions for parallel plate structures with fringing [9] . We can take this maximization one step further by using both lateral dimensions in the vertical bars structure (VB) shown in Fig. 6 [7] , [8] . It consists of vertical bars made out of metal squares and vias. The length of the bars is limited by the number and thickness of metal layers. This structure utilizes the electric field in both lateral dimensions and has even higher capacitance density than the VPP structure. In practice, the interconnection of the bars to the terminals of the capacitor require the use of at least one metal layer, reducing the effective volume of the capacitor. Therefore, in certain process technologies the overall capacitance of the VB structure will be smaller than that of the VPP.
The VB structure can show a larger series resistance compared to the VPP capacitor. However, the series resistance of the VB structure is mainly determined by the via resistance. Again, a large number of small capacitors in parallel form the total capacitance and hence the overall series resistance is the parallel combination of these resistors, which will be much smaller than an individual via. The choice between VPP and VB will depend on the application. A compromise between the higher quality factor of the VPP and the larger capacitance density of the VB structures can be achieved by extending the widths of the vertical bars in one dimension, as shown in Fig. 7 . In the limiting case, this intermediate structure will become the VPP capacitor.
In some process technologies, the minimum lateral spacing between different metal layers may vary significantly. To achieve the highest capacitance density in such processes, we can use a modified version of the VPP structure, shown in Fig. 8 . This structure consists of multiple vertical parallel plate capacitors placed orthogonally and connected through interleaved vias. In the limiting case, it reduces to the woven structure [5] discussed in the next section. This configuration takes advantage of all the available metal layers and hence achieves higher capacitance density, at the extra cost of combining vertical fields which will degrade the matching properties of the structure, as will be seen next.
The value of the standard parallel plate capacitor of Fig. 1 is primarily determined by the oxide thickness. On the other hand, the exact values of the VPP and VB capacitors are determined by lithography and etching. These two processes are quite accurate in today's process technologies. It is therefore reasonable to suspect that the lateral component of the capacitor should be more repeatable and have a smaller variation across the wafer. In this case, it is clear that any structure combining the lateral and vertical field components will suffer from the worse accuracy of the vertical capacitance component, which will lead to inferior matching and tolerance properties. Practically, all of the existing integrated capacitive structures use the vertical fields and hence cannot achieve the best possible accuracy. This hypothesis will be verified in Section VI. 
V. CAPACITANCE COMPARISON
In this section, we will demonstrate the superior capacitance density of the new proposed structures through capacitance simulations. Several previously known structures which exploit lateral and vertical fields will be compared to the VPP and VB structures under different conditions. Some of the more uniform structures, which we will refer to as lateral flux capacitors, are shown in Fig. 9 . Three examples of structures using more random patterns mostly inspired by fractal geometries that will be referred to as quasifractal structures after [5] are depicted in Fig. 10 . While not exclusive, the structures in Figs. 9 and 10 are chosen to reflect a wide range of possible rectangular (Manhattan) geometries alternatives to the horizontal parallel plate of Fig. 1 . Fig. 9(a) shows the interdigitated metal slabs or parallel wires used for high-frequency bypassing and coupling in integrated circuits [10] - [14] . Fig. 9(b) shows the top view and the three-dimensional (3D) perspective of the woven structure mentioned in [5] . A no-via variation of this structure is illustrated in Fig. 9(c) for comparison purposes. This structure will be mainly used to determine the effect of vias in the regular woven structure. Fig. 9 (d) depicts minimum-sized cubes spaced at minimum lateral spacing and cross-connected three-dimensionally to maximize the fringe fields. It is noteworthy that this structure is only used for comparison and cannot be fabricated in reality due to lack of means to maintain every other cube at the same potential.
As mentioned before, the structures in Fig. 10 are intended to imitate segments of quasifractal structures. The structure in Fig. 10(a) is aimed at maximizing the vertical field usage, enhanced by moderate lateral fields. On the other hand, the capacitive structures of Fig. 10(b) and (c) are more aggressive with the lateral field and try to use both vertical and lateral fields more equally.
To simulate the capacitance densities of the capacitive metal configurations of Figs. 9 and 10, as well as the two new proposed structures, we have developed a special purpose field solver working based on an enhanced relaxation algorithm [15] .
In the first set of simulations, both and are kept constant at 0.8 m. It is also assumed that . The equality of and is common in contemporary process technologies and hence will be used in this comparison. The simulation results showing the capacitance density per unit volume versus the minimum lateral spacing, , for the structures of Figs. 1, 5, 6 , 9, and 10 are depicted in Fig. 11 . Although this graph is for a and of 0.8 m, it can be easily used for other vertical spacings through a simple scaling, as long as and . This property can be traced back to the scale invariance of electrostatic equations [16] .
It is instructive to investigate the behavior of the capacitance density for very small and very large lateral spacings in Fig. 11 . For large lateral spacings (right-hand side of the graph), the capacitance densities reach plateaux as the lateral fields become inconsequential and the capacitance is dominated by the vertical fields. The horizontal parallel plate structure of Fig. 1 , has the best performance in this region due to its optimal usage of vertical fields. Also note that the capacitance densities of the VPP and VB structures continuously diminish due to the lack of any vertical field component. Other structures fall in between these two extremes and reach a capacity limit controlled by their vertical-to-lateral field usage efficiency.
At the other extreme, when the minimum lateral spacing becomes much smaller than the vertical separation (left-hand side of the graph), the capacitance density becomes inversely proportional to because the lateral plate spacing decreases linearly with resulting in a linear increase in the capacitance per plate. Also, the number of plates per unit volume grows linearly with decreasing due to smaller metal width and spacing. This dual dependence results in an inverse dependence, as predicted by (6) . In this region, the VB structure shows the maximum capacitance density followed by the VPP structure due to their optimum usage of lateral fields. The later structure benefits from shrinking in one lateral-dimension only, while the former makes the most of the two lateral-dimensions shrinkage. On the other hand, the horizontal parallel plate structure has the worst performance in this region, due to lack of any lateral-field components. It is also noted that the vias enhance the lateral-flux density in the dielectric/oxide inter-layer separa- Fig. 13 . Capacitance densities for L =t 1 and L =t 1. tion. As an example, the woven structure of Fig. 9(b) shows an advantage over that of Fig. 9 (c), due to the lateral field enhancement caused by the vias. This is another very important characteristic of the two new proposed structures, as they use vias that maximize the lateral field usage in the vertical inter-layer dielectric separation between different metal layers.
To gain more insight into the contributions of the capacitance components to the overall density, the field usage efficiency of different structures are plotted in three different regions of the ratios in Fig. 12 . Field usage efficiency can be defined as the ratio of each of , , and to the total capacitance density, which represent the percentage of energy stored in each component of the electric field. For the region, the lateral components are the main contributor to the total capacitance. In contrast, for the region, the vertical component forms the main portion of the total capacitance. To visualize this tradeoff further, the capacitance density of different structures are plotted in Fig. 13 for the and regions. Interestingly, the order almost completely reverses when going from small to large ratios, i.e., the best structures become the worst and vise versa. This can be explained by the inherent tradeoff between lateral and vertical field utilization, as lateral field usage can only be increased by introducing dielectric regions between metal lines in the same layer, which in turn results in loss of some vertical component.
Finally, Table I compares the simulated capacitance densities of all the structures discussed so far. These results are normalized to the Theoretical Limit 1 and semi-empirical upper bound, and are considered for m and m (or for any other case where the minimum lateral dimensions are ten times smaller than the vertical dimensions). As can be seen, the two new proposed structures attain the highest capacitance density among these structures. The VB and VPP achieve a capacitance density of 91% and 71% when compared to the semi-empirical upper bound, respectively, while the woven and quasifractal structures attain 54% and 25%, respectively. 
VI. MEASUREMENT RESULTS
Two sets of test capacitors were fabricated in two different process technologies. The first set of test capacitors were fabricated in a 3-metal layer process with two thin metal layers and an additional thick metal layer. For this process, the dielectric material is silicon dioxide and the metal material is aluminum. The two lower metal layers have m, m, and m. The fabricated structures in this process include the VPP (Fig. 5) , interdigitated or parallel wires (Fig. 2) and horizontal parallel plate (HPP) (Fig. 1) capacitors that occupy 0.12 mm , 0.33 mm , and 0.19 mm , respectively, as shown in Fig. 14(a) . The performance numbers for these structures are summarized in Table II . The VPP capacitor achieves a factor of 4.4 capacitance density improvement over the standard HPP using only two metal layers, but also for equal capacitance values demonstrate a higher self-resonance frequency than the HPP structure. This is based on the size-normalized self-resonance frequencies of the structures listed in Table II . In terms of series resistance, the VPP capacitor has a series resistance of 0.57 comparable to of 1.1 and 0.55 for the HPP and PW capacitors, respectively. It is noteworthy that the commonly used interdigitated (or PW) structure of Fig. 2 is inferior to the newly introduced VPP capacitor, in capacitance density, quality factor, and self-resonance frequency.
To investigate the tolerance properties of the VPP capacitor, the capacitance of these three structures were measured across 22 different sites at different locations on two quarters of Fig. 15 . The standard deviations of the capacitance normalized to the average value for these three structures are also shown in Table II . It can be easily seen that the absolute capacitance accuracy of the VPP capacitor is approximately an order of magnitude better than the conventional HPP. Comparison of the measurements on two different wafers also shows that wafer-to-wafer capacitance variation of the purely lateral structures is also improved significantly due to the higher repeatability of the lithography. Finally, due to the high breakdown voltage of the dielectric, the measured breakdown voltage of the implemented capacitors are in excess of 350 V, as shown in Table II .
The second set of test capacitors were fabricated in a purely digital CMOS 7-metal layer process technology with m, m, and m for the bottom five layers. For this process, the dielectric material is silicon dioxide and the metal material is aluminum. The implemented capacitors include a 5-metal layer HPP, a 5-metal layer VPP, and a 4-metal layer modified VB structures as shown in Figs. 1, 5 , and 7, respectively. To perform a fair comparison, the value of the three different capacitor types are designed to be equal. A 1-pF and a 10-pF version of each structure were fabricated in the same die to provide an unbiased comparison of the structures' capacitance density, self-resonant frequency, tolerance and matching properties. Fig. 14(b) shows the capacitor test chip photograph.
The summary of the measurements for the 1-pF capacitors is presented in Table III . For the sake of comparison, the performance measures of a 1-pF MIM capacitor is also included in this table. Due to the lack of any MIM capacitor in the purely digital CMOS technology used, these performance measures are obtained from the design manual information for an MIM capacitor of a very similar process technology with m and mixed signal capabilities.
Due to the high lateral field efficiency of the new proposed structures, the VPP and VB capacitors show 7.43 and 6.29 times more capacitance density than the standard multiplate HPP of Fig. 1 , respectively, which are the highest reported to date. This corresponds to a capacitance density of 1.51 fF/ m . Moreover, the capacitance density of the VPP capacitor is even 37% higher than the capacitance density of the MIM capacitor.
Because of the multiple via connections and the large number of vertical plates connected in parallel, the VPP structure presents a quality factor higher than the HPP, whereas the quality factor of the VB structure is relatively lower because of the rather high via resistance of the process technology, as summarized in Table III. As the proposed structures attain higher capacitance densities, their physical dimensions are smaller and hence show higher self-resonance frequencies. The admittance versus frequency measurement of Fig. 16 shows a self-resonance frequency in excess of 40 GHz for the 1-pF VPP capacitor. This is twice the self-resonance frequency of the HPP capacitor, and 4 times higher than that of the MIM capacitor.
To verify our earlier hypothesis of better tolerance and matching properties of the purely lateral structures, the capacitance of capacitors of same values implemented using different structures were measured across 37 usable sites of an 8-in wafer. The standard deviation normalized to the average value of each 1-pF structure is shown in Table III . As can be seen, the VPP structure presents almost 5 times better capacitance tolerance than the HPP structure across the wafer.
Although the tolerance of capacitors is an important property to quantify, in many analog applications, the parameter of more significance is the ratio between two adjacent capacitors. To confirm the better matching properties of the new structures, the ratio of adjacent 10-pF and 1-pF capacitors of the same type on the same site were compared across the wafer. The variations of this ratio normalized to its average, , is a better measure to quantify matching. The VPP, VB, and HPP capacitors show a of 0.6%, 1%, and 1.3%, respectively. Due to the higher accuracy of the lithography process, the two new lateral field structures present better matching properties than the standard horizontal parallel plate capacitor, as suggested earlier.
It is noteworthy that in practice, an accurately defined ratio is achieved by using multiple parallel capacitors of the same size and shape.
Finally, the summary of the measurements for the 10-pF capacitors are shown in Table IV . For the sake of comparison, it also includes the estimated performance measures of a 10-pF MIM capacitor. The VPP and VB capacitors show 8.0 and 6.6 times more capacitance density than the 10-pF standard multiplate HPP of Fig. 1 . This corresponds to a 34% higher capacitance density of the VPP capacitor when compared to the MIM. The self-resonance frequencies of the proposed structures are in excess of 11 GHz, which is almost twice the self-resonance frequency of the HPP capacitor, and approximately 3 times higher than that of the MIM of the same value. Finally, the 10-pF VPP and VB capacitors present almost 3 times better capacitance tolerance than the HPP structure across the wafer.
VII. CONCLUSIONS
A new theoretical framework which shows the capacity limits of integrated capacitors were presented. This new framework can be used to evaluate the performance of the existing capacitive structures and leads to two purely lateral capacitors. These structures demonstrate: higher capacitance density, better tolerance and matching properties, and higher self-resonance frequency than previously reported capacitor structures, MIM and standard HPP capacitors, while maintaining a comparable quality factor. These two new structures are standard CMOS compatible and do not need an extra processing step, as is the case with special MIM capacitors.
APPENDIX TIGHTER UPPER BOUND ON THE CAPACITANCE DENSITY
Although the horizontal and vertical parallel plate capacitor structures of Fig. 4 have the maximum horizontal and vertical field usage, respectively, they cannot be implemented in the same spatial location simultaneously. This makes it impossible to achieve the maximum electric field usage in the , , and dimensions at the same time, and therefore (5), while being correct, is too conservative. The orthogonality of the electric field components implies that the horizontal and vertical parallel plate capacitance densities, , , and may form an orthogonal basis for decomposition of capacitance densities as visualized in Fig. 17 . This orthogonal decomposition can be used to obtain a new tighter upper bound for the capacitance density of structures with rectangular (Manhattan) boundaries. Noting that the maximum capacitance is given by the magnitude of the vector sum of , , and (Fig. 17) , the maximum capacitance density for any given process technology will be given by (7) for and . To verify the validity of this hypothesis, (7) is plotted along with the simulated results in Fig. 11 as semi-empirical upper bound. It can easily be seen that none of the simulated structures shows a capacitance density above that of (7) for any value of . 
